The majority of light refraction occurs at the air-tear film/cornea interface, as light enters the eye. Consequently, irregularities of this surface, manifesting as corneal astigmatism, can cause dramatic reductions in visual acuity. Approximately, 40% of participants from a Singapore Chinese population were astigmatic (as defined by cylindrical autorefraction readings >0.5 diopter [D]) [1, 2] . In separate studies using identical definitions, more than 50% of rural Asian Indian and Persian populations were found to have astigmatism [3, 4] . Interestingly, with marginally higher astigmatic groupings (either ≥0.75D or ≥1.00D), the age-adjusted prevalence of astigmatism was reported to be just over 35% in Caucasian populations from Australia and the United States [5, 6] .
conducted. Since central corneal thickness (CCT) has been found to be one of the most heritable human traits, the best studied corneal trait to date is CCT [10] . In the first published GWAS for CCT, the zinc finger 469 locus on chromosome 16q24 was identified in Australian and UK twin cohorts [11] , and subsequently confirmed in other populations [12, 13] . Additional quantitative trait loci for CCT have been identified on chromosomes 1p34 collagen type VIII alpha 2 gene (COL8A2), 6q14, 7q11, 9p23, 9q34 collagen type V alpha 1 gene (COL5A1), and 15q26 [12] [13] [14] .
Corneal curvature (CC) is another important biometric feature, which has been recently interrogated at the genetic level. The first GWAS for keratometry (as defined as mean CC) in populations of Chinese, Malay, and Indian ancestry identified associated variants near the FK506 binding protein 12-rapamycin associated protein 1 (FRAP1) and plateletderived growth factor receptor alpha (PDGFRA) genes [15] . Interestingly, we have recently shown that the association with CC and the PDGFRA locus is transferrable to people of Caucasian ancestry [16] . In a separate study, Fan and colleagues found that this locus was also associated with corneal astigmatism in a Singaporean Asian population [17] . The purpose of our present study was to investigate the role of the variants near PDGFRA on corneal astigmatism in people of Northern European ancestry. We also present results from a genome-wide meta-analysis for corneal astigmatism in more than 2,700 people.
METHODS

Ethical approval:
This study was conducted in accordance with the Declaration of Helsinki, and informed consent was obtained from all adult participants and at least one parent of the child participants before examination. Approval for this study was obtained from the Human Research Ethics Committees of the University of Western Australia, University of Tasmania, Royal Victorian Eye and Ear Hospital, and Queensland Institute of Medical Research.
Sample populations: A total of 1,013 (51.3% male) unrelated individuals from the REHS and 1,788 (56.7% female) individuals of 857 twin families who were recruited through the TEST and the BATS were included in the analysis. Demographic and phenotypic characteristics of these cohorts are shown in Table 1 . Two Australian cohorts of Northern European ancestry were included in this study. In both studies, corneal astigmatism was calculated as the absolute difference between horizontal and vertical keratometry readings. An inverse normal transformation was applied to the average corneal astigmatism of both eyes and used for analysis. Participants who had a pterygium or had previously undergone ocular surgery were excluded from analysis.
Western Australian Pregnancy Cohort (Raine) Study: 20-year follow-up Eye Study:
The first cohort comprised of participants who are enrolled in the Raine Study [18] . At the 20-year follow up, these individuals were invited to participate in the Raine Eye Health Study (REHS) and undertake a comprehensive eye examination [19] . As part of the examination, corneal curvature was measured in horizontal and vertical meridians with IOLMaster V:5 (Carl Zeiss Meditec AG, Jena, Germany). Three consecutive measurements of corneal curvature within 0.3D within each meridian were recorded with careful alignment and focus. DNA samples and consent for GWASs were available from the previous assessments. Genotype data were generated using the genome-wide Illumina 660 Quad Array at the Centre for Applied Genomics (Toronto, Ontario, Canada).
As part of quality control, we investigated any individuals who were related with π >0.1875 (second-or third-degree relatives) and excluded individuals with a higher proportion of missing data. We also excluded people who had a high degree of missing genotyping data (>3%). The data were filtered for a Hardy-Weinberg equilibrium p value >5.7×10 −7 , single nucleotide polymorphism (SNP) call rate >95%, and a minor allele frequency >0.01. We conducted principal component analysis (PCA) and constructed the first five principal components for a subset of 42,888 SNPs that were not in linkage disequilibrium (LD) with each other using the EIGENSTRAT program [20] . We also performed the GWAS imputation of 22 autosomes in the MACH v1.0.16 software using the CEU samples from HapMap phase2 build 36 release 22. A linear regression model in R with a PLINK [21] interface was used to determine associations between SNPs and corneal astigmatism. The model was adjusted for age, sex, and the first two principal components that accounted for the population stratification.
Twins Eye Study in Tasmania and Brisbane Adolescent Twin Study:
The second cohort comprised participants from the Twins Eye Study in Tasmania (TEST) and the Brisbane Adolescent Twin Study (BATS) [22] . In both studies, corneal curvature was measured using a Humphrey-598 Automatic Refractor/Keratometer (Carl Zeiss Meditec, Inc., Miami, FL), and there was no significant difference between the measurements of the right and left eyes (Student t test, p value=0.24). In the BATS and the TEST, DNA was obtained from either saliva or peripheral blood samples. Blood was collected in tubes containing ethylenediaminetetraacetic acid and saliva samples were collected using an Oragene saliva kit (DNA Genotek, Inc., Kanata, ON, Canada). The extracted DNA from these samples was genotyped on the Illumina HumanHap 610W Quad Arrays (Illumina Inc., San Diego, CA). The majority of the BATS samples were genotyped at deCODE Genetics (Sturlugata 8; Reykjavik, Iceland) as part of a larger project. All TEST samples and a small proportion of the BATS samples (50) were genotyped at the Centre for Inherited Disease Research (CIDR; Baltimore, MD). As outlined previously, genotype data were excluded if they did not satisfy a Hardy-Weinberg equilibrium test p value ≥10 −6 , SNP call rate >95%, Illumina BeadStudio GenCall score ≥0.7, or a minor allele frequency ≥1% [23] .
Ancestral outliers were corrected with PCA using the smartpca program from v3.0 of EIGENSOFT [20] . The Australian twin data were compared with all populations in HapMap phase 3 and a collection of five other GenomEU-TWIN populations [24, 25] . When the outliers were identified and filtered, only PC1 (the difference between the African population and others) and PC2 (the difference between the East Asian population and others) with the highest eigenvalues were used. We calculated the mean and standard deviation of the ancestral relation of the collective European population for reference PC1 and PC2 scores. Any individual who fell away from the mean by >6 times the standard deviation on PC1 and PC2 were removed. Considering the sensitivity of imputation toward missingness and SNP distribution, we conducted imputation using 469,117 common SNPs from the genotyping data present in HapMap CEU I+II data (release 22, build 36). This imputation was performed using the MACH v1.0.16b and mimimac packages [26,27], Figure 1 . Quantile-quantile (Q-Q) plot for age and sex-adjusted genome-wide association of corneal astigmatism.
which generated association statistics for 2,543,887. These SNPs further underwent quality control with the following criteria: Hardy-Weinberg equilibrium test p value ≥10 −6 , a minor allele frequency ≥1%, and Rsq score >0.3. A total of 2,428,106 SNPs passed the filtering step and were used for further analysis. The association of these SNPs with corneal astigmatism was tested using the -fastAssoc option in MERLIN [28] . The association model was adjusted for age and sex.
In Table 2 , the quality control details of the genotyping in both studies are outlined. The PCA of both population structures is shown in Appendix 1.
Joint cohort analysis:
Meta-analysis of the data from two cohorts was conducted using the β-coefficients method of the METAL program [29] . Only the common SNPs imputed in both cohorts (n about 2.5 million) were included in the meta-analysis. Regional associations were generated using SNAP [30] . Top ranking SNPs at loci identified through genome-wide meta-analysis following adjustment for age and sex as well as the results from individual cohorts. Pathway analysis was undertaken using Pathway-VEGAS, an extension of the recently developed gene-based analysis tool Versatile Gene-based Association Study (VEGAS) program [31] . We selected pathways from the Gene Ontology (GO) database if the pathway size ranged in 10 to 1,000 genes, which resulted in 4,628 for further analysis.
To perform pathway analysis with Pathway-VEGAS, we first conducted a gene-based test on the summary data generated from the meta-analysis. To include most regulatory effects, each gene region was defined as being 50 kb up-and downstream of a gene. VEGAS calculated the gene-based test statistics by incorporating the effects of all SNPs in the gene region by correcting the linkage disequilibrium between the SNPs through a simulation approach for the multivariate normal distribution. Since the participants in our sample are European descendents, we used the linkage disequilibrium pattern from the HapMap2 CEU reference sample. Pathway p values were calculated by summing the χ 2 test statistics of the respective gene derived from the VEGAS p values. These summarized p values were compared with 500,000 simulations where the summarized χ 2 test statistics of randomly drawn genes depending on the pathway size to calculate the empirical p values of the pathway. To avoid adverse effects due to clustered genes, we considered only one gene from each cluster of genes, chosen randomly, and dropped others if the distance between them was <500 kb.
RESULTS
No loci in the TEST/BATS or Raine populations attained genome-wide significance (p<5×10 −8 ). Additionally, following meta-analysis on >2.5M overlapping genotyped and imputed SNPs, no locus reached the level of genome-wide significance ( Figure 1 and Figure 2) . Eleven loci had a nominal threshold of suggestive significance (p<1×10 −5 ). Table 3 shows details regarding the ten most significant SNPs following the meta-analysis.
To identify genes associated with any known pathways, we tested the VEGAS results using pathways defined in the GO database. In our analysis, the top-ranking pathways were segmentation (GO:0035282) and embryonic pattern specification (GO:0009880; Table 4 We found no evidence for replication of the PDGFRA locus (Figure 3) . In our cohorts, the previously reported top SNP in this region (rs7677751) was not significantly associated with corneal astigmatism (beta=-0.0423, standard deviation error=0.0423; p=0.32). The minor allele frequency of rs7677751 was 0.133 and 0.123 in the Raine study and the TEST/BATS, respectively. The top SNP at this locus was rs6821576 (p=0.003).
DISCUSSION
Understanding the molecular mechanism of cornea-related disease is useful for developing novel corrective or therapeutic strategies. Recently, through meta-analysis of five Singaporean cohorts, Fan and colleagues reported a statistically significant association between a variant (rs7677751) at the PDGFRA locus on chromosome 4q12 and corneal astigmatism [17] . In our present study, we found no strong evidence for transfer of risk for corneal astigmatism of this locus in two Australian cohorts of Northern European WNT3A, MSGN1, TCF7L1, ZEB2, HOXD8, TDGF1, RBPJ, LEF1, SFRP2,  TBX18, DLL1, MEOX2, HOXA2, NKX3-1, SFRP1, PRKDC, MLLT3, ROR2, BMI1,  EGR2, ATM, FRS2, MYF5, TBX3, PCDH8, PSEN1, MESP2, RPGRIP1L, ACD,  DVL2, HES7, TCAP, KAT2A, MEOX1, HOXB6, AXIN2, MIB1, DLL3, TCF15, PAX1 ancestry. Our results suggest there are underlying genetic differences between populations, which may account for differing development and prevalence of corneal astigmatism.
Although no SNP in our study was significantly associated with corneal astigmatism at the genome-wide level, we identified several putative loci, which reached a suggestive level of significance (p<1×10 −5 ). Our strongest signal on metaanalysis (rs1151008) was located on chromosome 12p11. This SNP is approximately 100 kb centromeric to the antagonist of the mitotic exit network 1 homolog (AMN1) gene. AMN1 has been shown to be important in resetting the cell cycle [32] , and the AMN1 domain of the lysine-specific demethylase 2A gene appears to inhibit keratinocyte growth in vitro [33] .
Our second strongest-association (rs1164064) was on chromosome 3q13, near the developmental pluripotencyassociated 4 (DPPA4) and DPPA2 genes ( Figure 3 ). These genes have important roles in stem cell generation and are rapidly downregulated during cellular or fetal differentiation [34] . Given that the cornea is of ectodermal origin, DPPA4 regulates differentiation of embryonic stem cells into a primitive ectoderm lineage [35] .
Following gene-based pathway analysis, we found that genes involved with segmentation and embryonic pattern specification were associated with the development of corneal astigmatism. In vertebrates, the periocular mesenchymal cells migrate into the cornea giving rise to cornea stroma during embryogenesis [36] . Interestingly, the MSGN1, MEOX1, MEOX2, and TDGF1 genes identified in our pathway analysis are involved in differentiation of mesoderm. Additionally, some of the genes in these pathways are part of the HOX family, which included the HOX8.1 gene that was demonstrated to be expressed during murine ocular development [37] .
It is somewhat surprising that, despite our reasonable power, we were unable to replicate the association of corneal astigmatism and the rs7677751 variant [17] . We also failed to identify any locus associated with this trait at the genome-wide significance level. Our results suggest that in dissecting the genetic architecture of corneal astigmatism in people of Northern European ancestry, no major single locus will predominant, similar to other complex quantitative traits [38] . Clearly, larger, better-powered cohorts are required to intimately dissect the genetic etiology of this biometric trait.
In summary, we found no strong evidence for replication or transferability of the previously reported association between the rs7677751 variant, at the PDGFRA locus, and corneal astigmatism in our Australian cohorts of Northern European ancestry. We identified several putative loci, which clearly require replication in ongoing genetic or functional studies.
APPENDIX 1.
Principal component analysis (PCA) plots of REHS (A) and TEST/BATS (B) population structures. To access the data, click or select the words "Appendix 1."
